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2.	 The	present	 study	examined	 the	 combined	effects	of	warming	and	 salinisation	
on	species	interaction	strengths	and	mortality	rates	for	two	ephemeral	wetland	
species.	Using	an	ephemeral	pond	specialist	copepod,	Lovenula raynerae	Suárez‐
Morales,	Wasserman,	 &	 Dalu,	 (2015)	 as	 a	 model	 predator	 species,	 we	 applied	
a	 functional	 response	 approach	 to	 derive	 warming	 and	 salinisation	 effects	 on	
trophic	interactions	with	a	prey	species.	Furthermore,	the	effects	of	a	salinisation	
gradient	on	mortality	rates	of	adult	copepods	were	quantified.
3.	 The	 predatory	 copepod	 exhibited	 type	 II	 functional	 responses	 towards	 larval	




suppressed	 under	 heightened	 salinities.	 Substantial	 mortality	 was	 observed	 in	
both	male	and	female	adult	L. raynerae	at	salinity	 levels	exceeding	10	parts	per	
thousand.
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1  | INTRODUC TION
Wetlands	are	highly	biodiverse	and	productive	ecosystems,	yet	are	
under	 increasing	 pressure	 from	 global	 environmental	 change	 via 
multiple	stressors	 that	often	act	synergistically	 (Dalu,	Wasserman,	
&	Dalu,	2017;	Mabidi,	Bird,	&	Perissinotto,	2018;	White,	Donohue,	
Emmerson,	 &	 O'Connor,	 2018).	 From	 a	 biodiversity	 perspective,	
ephemeral	 wetlands	 are	 especially	 important	 habitats,	 charac‐
teristically	 inhabited	by	a	 rich	array	of	specialists	adapted	to	 tran‐
sient	hydroperiods	and	that	may	be	unable	to	persist	in	permanent	
aquatic	ecosystems	 (Dalu,	Wasserman,	&	Dalu,	2017;	Wasserman,	






to	 spatial	 and	 temporal	heterogeneity,	which	makes	 them	difficult	
to	detect	and	conserve	during	dry	periods.	The	integrity	of	ephem‐
eral	wetlands	 is	thus	threatened	 in	multiple	ways,	such	as	through	
land	 use	 changes	 driven	 by	 agricultural	 activity	 (Brock,	 Smith,	 &	
Jarman,	1999;	Marty,	2005),	species	introductions	(Cuthbert,	Dalu,	
Wasserman,	 Dick,	 et	 al.,	 2018;	 Dalu,	 Wasserman,	 &	 Dalu,	 2017),	








cies	present	 the	greatest	uncertainty	 in	global	biodiversity	 impact	
predictions	(Daufresne,	Lengfellner,	&	Sommer,	2009;	Gilbert	et	al.,	
2014).	 In	 the	future,	patterns	of	 temperature	and	rainfall	will	 shift	
on	a	global	scale	(Lu	et	al.,	2016),	with	the	potential	to	significantly	






with	 temperature	 regimes	 (Atashbar,	 Agh,	 Van	 Stappen,	Mertens,	
&	Beladjal,	2014).	Salinity	is	a	pervasive	factor	that	affects	aquatic	
biodiversity	 and	 species	 distributions,	 and	 in	 arid	 regions	 ionic	









































et	 al.,	 2016).	Whilst	 the	 relative	 contributions	 of	 different	 envi‐
ronmental	 cues	 for	dormant	egg	hatchability	 remain	unclear,	 sa‐
linity	has	been	identified	as	a	particularly	important	determinant	
interact	 to	 alter	 trophic	 dynamics	 and	 species	 composition	 in	 ephemeral	 wet‐
lands.	 These	 stressors	 should	 be	 considered	 synergistically	within	management	
practices.
K E Y W O R D S
climate	change,	multiple	stressors,	predation,	saline	waters,	temporary	pools
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(Brock,	 Nielsen,	 &	 Crossle,	 2005;	 Skinner,	 Sheldon,	 &	 Walker,	
2001).	Indeed,	high	salinity	levels	can	completely	inhibit	hatching	
(Mabidi	 et	 al.,	 2018;	Waterkeyn	 et	 al.,	 2010)	 and	 affect	 juvenile	
development	(Cancela	da	Fonseca	et	al.,	2008;	Hart	et	al.,	1991).	
Specifically,	 high	 salinities	 may	 block	 cues	 which	 trigger	 emer‐








inates	 ephemeral	 wetlands	 and	 belongs	 to	 the	 Paradiaptominae	
subfamily	 that	 is	 adapted	 to	 arid,	 temporary	 habitats.	 This	 spe‐
cies	 is	 large	 and	 predatory	 (Cuthbert,	 Dalu,	 Wasserman,	 Dick,	
et	al.,	2018;	Suárez‐Morales	et	al.,	2015;	Wasserman,	Alexander,	
Barrios‐O'Neill,	 et	 al.,	 2016),	 and	 occupies	 high	 trophic	 levels	 in	
ephemeral	 wetland	 ecosystems	 for	 much	 of	 the	 hydroperiod	
(Dalu,	 Wasserman,	 Froneman,	 &	 Weyl,	 2017).	 Therefore,	 this	
species	 has	 the	 potential	 to	 have	marked	 ecological	 impacts	 on	










ing	 temperature	and	 salinity	 regimes.	Salinity	 levels	 in	excess	of	
10	parts	per	thousand	(ppt)	are	known	to	occur	in	groundwaters,	





2  | MATERIAL S AND METHODS
2.1 | Animal collection and maintenance
Adult	 Lovenula raynerae	 (4.5	 –	 5.0	 mm)	 were	 collected	 from	 an	
ephemeral	 pond	 in	 Grahamstown	 (33°	 16′47.8″S,	 26°	 35′39.8″E),	
Eastern	 Cape,	 South	 Africa	 by	 towing	 a	 200‐μm	 zooplankton	 net	
across	 the	surface	water,	and	 transported	 in	source	water	 to	con‐
trolled	 environment	 rooms	 at	 Rhodes	 University,	 Grahamstown,	
South	 Africa.	 Larvae	 of	 the	 medically	 important	 and	 widespread	
mosquito	 complex	Culex pipiens	were	 cultured	using	egg	 rafts	ob‐
tained	from	artificial	container‐style	habitats	around	the	university	
campus	 and	 reared	 to	 the	 desired	 size	 (2.0–4.0	mm)	 on	 a	 diet	 of	
crushed	rabbit	food	pellets	(Agricol,	Port	Elizabeth,	South	Africa).
2.2 | Functional responses
Adult	 male	 copepods	 were	 concurrently	 acclimated	 and	 starved	
under	 three	 temperature	 regimes	 for	48	h,	 corresponding	 to	 ex‐
perimental	temperatures	(13,	18,	28	±	1°C)	under	a	12:12	light:dark	
regime	in	continuously	aerated,	filtered	source	water	from	the	col‐
lection	site	 (filter	 size	20	μm)	within	25‐L	aquaria.	Functional	 re‐
sponse	experiments	were	undertaken	under	three	salinity	regimes	
(0.2	 [source	water	 concentration],	 4,	 8	 ±	 0.1	 ppt)	 at	 each	 of	 the	
three	experimental	temperatures,	representative	of	abiotic	undu‐
lations	 across	 the	 hydroperiod	 (Mabidi	 et	 al.,	 2018;	Wasserman,	
Weston,	 et	 al.,	 2018).	 Seawater	was	mixed	with	aerated,	 filtered	






and	 allowed	 to	 settle	 for	 2	 h	 prior	 to	 the	 addition	 of	 predators.	
All	treatment	groups	were	replicated	four	times.	Once	added,	co‐



















All	 statistical	 analyses	were	 undertaken	 in	R	 v3.4.2	 (R	Core	 Team,	
2017).	Overall	consumption	from	the	functional	response	experiment	
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Functional	 response	 analyses	 were	 undertaken	 using	 the	 frair 
package	 in	 R	 (Pritchard,	 Paterson,	 Bovy,	 &	 Barrios‐O'Neill,	 2017).	
We	followed	a	non‐parametric	bootstrap	procedure	 (n = 2,000)	to	
generate	95%	bias‐corrected	 and	 accelerated	 confidence	 intervals	





where Ne	 is	 the	 number	 of	 prey	 eaten,	N0	 is	 the	 initial	 density	 of	
prey,	a	is	the	attack	constant,	h	is	the	handling	time	and	T	is	the	total	
experimental	period.	The	Lambert	W	function	was	integrated	to	en‐






In	 the	 mortality	 experiment,	 proportional	 mortality	 was	 as‐
sessed	with	 respect	 to	 the	salinity, sex,	 and	 time	 factors,	and	 their	(1)Ne=N0(1−exp(a(Neh−T)))
F I G U R E  1  Matrix	of	functional	responses	of	Lovenula raynerae	towards	culicid	prey	at	temperatures	of	13°C	(a,	d,	g),	18°C	(b,	e,	h),	and	
28°C	(c,	f,	i)	and	salinities	of	0.2	ppt	(a,	b,	c),	4	ppt	(d,	e,	f),	and	8	ppt	(g,	h,	i)	with	bootstrapped	(n =	2,000)	95%	confidence	intervals.	Points	
are	raw	data
















(χ2 =	79.88,	df = 4,	p < 0.001).	There	was	a	significant	temperature	
×	 salinity	 interaction	 term	 (χ2 =	10.32,	df = 4,	p = 0.04),	 reflecting	
interactive	complexity	between	these	factors	(Figure	1).	At	the	base‐
line	salinity	(0.2	ppt),	overall	consumption	was	significantly	greater	
at	 the	highest	 temperature	 (28°C;	Figure	1c)	compared	to	 the	 low	
(13°C;	 Figure	 1a)	 and	 intermediate	 treatments	 (18°C;	 Figure	 1b;	
both	p < 0.05).	At	the	intermediate	salinity	(4	ppt),	consumption	at	
the	highest	 temperature	 (28°C;	Figure	1f)	was,	 again,	 significantly	




tive	 differences	 driven	 by	 temperature	 (all	 p > 0.05;	 Figure	 1g–i).	
Thus,	feeding	magnitudes	peaked	at	the	highest	temperature	under	
lowest	 salinities	 and	 under	 intermediate–high	 temperatures	 at	 in‐
termediate	salinities,	whilst	consumption	was	similar	at	the	highest	
salinity	across	all	temperature	treatments.




and	 categorical	 type	 III	models,	AIC	 values	 indicated	 a	 categorical	






salinity.	However,	 this	effect	broke	down	at	 intermediate	 salinities	





intervals	 at	 intermediate–high	 prey	 supplies.	 Inversely,	 FR	 magni‐
tudes	were	also	not	different	between	all	three	salinity	levels	at	the	







At	salinities	above	10	ppt,	all	adult	male	and	female	L. raynerae died 
(Figure	2).	Overall,	mortality	rates	were	thus	significantly	affected	by	
the	salinity	gradient	(χ2 =	142.36,	df = 12,	p < 0.001).	Mortality	rates	
of	males	were	 significantly	higher	 than	 females	overall	 (χ2	 =	5.23,	
df = 1,	p = 0.02)	 and	were	 significantly	 higher	 following	 96	 hours	





TA B L E  1  First	order	terms	derived	from	logistic	regression	of	proportional	prey	consumption	across	prey	supplies,	alongside	estimates	of	
attack	rates,	handling	times	and	maximum	feeding	rates	across	all	salinity	and	temperature	treatments
Salinity (ppt) Temperature (°C) 1st order term, p Attack rate (a), p Handling time (h), p
Maximum feeding 
rate (1/h)
0.2 13 −0.09,	<0.001 2.17,	0.13 0.41,	<0.001 2.46
4 13 −0.08,	<0.001 1.53,	0.16 0.35,	<0.001 2.87
8 13 −0.08,	<0.001 1.39,	0.25 0.50,	<0.001 1.99
0.2 18 −0.07,	<0.001 2.20,	0.09 0.25,	<0.001 4.04
4 18 −0.04,	0.001 0.88,	0.002 0.10,	<0.001 9.58
8 18 −0.03,	0.17 0.21,	0.06 0.24,	0.14 4.15
0.2 28 −0.06,	<0.001 1.57,	<0.001 0.11,	<0.001 9.23
4 28 −0.08,	<0.001 2.14,	0.01 0.17,	<0.001 5.97
8 28 −0.04,	0.02 0.37,	0.04 0.27,	0.02 3.69
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salinisation	on	ephemeral	wetland	specialists.	Focusing	on	the	region‐
ally	widespread	 and	 abundant	model	 copepod	 species	 L. raynerae,	
temperature	and	salinity	regimes	interacted	to	significantly	influence	
the	 interaction	 strengths	 upon	 a	major	 prey	 species	 in	 these	wet‐
lands.	Furthermore,	the	salinity	tolerance	of	L. raynerae	was	shown	to	
be	limited	to	mesohaline	conditions	not	exceeding	10	ppt.















however,	 differ	 substantially	 with	 variations	 in	 temperature	 and	
salinity	 regime.	Within	 all	 temperature	 groups,	 attack	 rates	 were	
lowest	 at	 the	highest	 salinity	 level.	Given	attack	 rates	 correspond	
with	 predatory	 impact	 at	 low	prey	 densities,	 higher	 salinity	 levels	
in	 ephemeral	 ecosystems	may	 reduce	 ecological	 impacts	 of	 pred‐






logical	 impacts	 on	 prey	 such	 as	mosquitoes	 in	 these	 systems,	 es‐
pecially	where	salinity	levels	remain	low.	Such	increased	predation	
pressure	could	also	intensify	trophic	cascades	in	ephemeral	wetland	







given	 that	 ephemeral	 wetlands	 function	 differently	 to	 permanent	
ecosystems,	the	effects	of	salinisation	on	broader	community	com‐
positions	 requires	 further	 investigation	 over	 the	 hydroperiod,	 as	
interactions	cannot	be	reliably	 inferred	from	more	permanent	wa‐
terbodies.	Furthermore,	although	paired	predator‐prey	experiments	
have	 been	 shown	 to	 correspond	 with	 in‐field	 ecological	 impacts	
(Dick	et	 al.,	 2017),	 the	context‐dependency	of	ephemeral	wetland	
trophic	 interactions	 requires	 further	 investigation.	 In	 particular,	
multiple	 predator	 effects	 may	 alter	 interaction	 strengths	 through	
antagonistic	 or	 synergistic	 interactions	 (Soluk,	 1993;	Wasserman,	
Alexander,	Dalu,	et	al.,	2016),	and	the	presence	of	habitat	complexi‐
ties,	such	as	vegetation,	may	alter	predatory	impact	through	refuge	

















predators	 and	 prey	 (Broitman,	 Szathmary,	 Mislan,	 Blanchette,	 &	
Helmuth,	2009;	Englund	et	al.,	2011).	Thus,	interaction	strengths	in	
ephemeral	wetlands	may	be	 in	a	state	of	 flux	given	the	highly	dy‐
namic	nature	of	 these	ecosystems	with	 respect	 to	 abiotic	 context	
F I G U R E  2  Mortality	rates	of	adult	female	and	male	Lovenula 
raynerae	following	(a)	24‐hr	and	(b)	96‐hr	exposures	to	different	
salinity	levels.	Means	are	+	SE	(n	=	5	per	treatment	group)
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(O'Neill	&	Thorp,	2014;	Wasserman,	Alexander,	Weyl,	et	al.,	2016),	
and	biotic	 interactions	will	be	 likely	 to	change	 in	 line	with	anthro‐
pogenic	 impacts	 associated	with	 salinisation	 and	warming.	Whilst	










on	predatory	 impacts	 from	external	 colonists	 such	as	notonectids	
requires	assessment.	Indeed,	if	these	predatory	colonists	are	more	





specialists,	 and	 particularly	 branchiopods,	 is	 considerably	 reduced	
at	 salinity	 levels	 above	2.5	 ppt	 (Mabidi	 et	 al.,	 2018)	 as	 a	 result	 of	
hatching	cue	 inhibition	or	direct	 toxicity	 to	salt	 in	 temporary	wet‐








regime	 shifts	 could,	 accordingly,	 have	 drastic	 impacts	 on	wetland	
biota,	even	inhibiting	the	viability	of	resting	eggs	or	dormant	life	his‐
tory	stages.	Indeed,	loss	of	invertebrate	diversity	under	salinisation	
has	been	 reported	 in	many	 studies	 (Atashbar	et	 al.,	 2014;	Nielsen	
et	al.,	2007;	Toruan,	2012),	and	the	loss	of	mature	zooplankton	due	
to	the	breaching	of	salinity	thresholds	may	have	profound	implica‐
tions	 for	 the	 reproductive	 success	 and	 persistence	 of	 populations	
under	environmental	change.	Furthermore,	in	addition	to	direct	le‐
thal	effects,	salinity	increases	may	have	indirect	effects	that	impact	
wetland	 biota	 across	 different	 life	 history	 stages	 (Hintz	&	Relyea,	




vironmental	 change	 interact	 to	 affect	 invertebrate	 interactions	
in	 vulnerable	 temporary	 wetland	 ecosystems.	 Here,	 interaction	
strengths	 between	 species	 are	 profoundly	 influenced	 by	 both	
temperature	 and	 salinity,	 with	 high	 salinisation	 generally	 reduc‐
ing	 the	 strength	 of	 interactions	 between	 species	 and	 offsetting	
temperature	effects.	As	predation	is	a	critical	biotic	process	that	
influences	 the	 overall	 structure	 and	 functioning	 of	 ecosystems	
(e.g.	Wasserman,	Noyon,	 Avery,	 &	 Froneman,	 2013),	 our	 results	
suggest	that	the	implications	of	environmental	change	for	ephem‐
eral	wetland	ecosystems	will	be	marked	and	warming	alone	could	












vironmental	 change	on	wetland	ecosystem	 interactions,	 and	 link	
stressors	across	trophic	groups.
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